The vapA gene of Aeromonas salmonicida encodes the subunit of the surface protein array known as A-layer. Nucleotide sequence analysis of the 374 bp of DNA immediately upstream of vapA revealed two potential promoter sequences and other possible regulatory sequences. Sequencing and polymerase chain reaction analysis showed that the region was conserved in wild-type A. salmonicida. Primer extension and Northern (RNA) blot analysis showed that vapA transcription in A. salmonicida was directed predominantly by a distal promoter, P1, resulting in a 1.7-kb unit-length mRNA with an untranslated 181-nucleotide leader sequence which contained two predicted low-free-energy stem-loop structures. Northern analysis of cells grown at 15°C showed that vapA transcript production peaked during the mid-log phase of growth (A600 = 0.25). At 15°C, the half-life of the vapA mRNA was 22 min, while at 20°C, the half-life was significantly shorter, 11 min. The amount of vapA transcript produced was reduced by growth in the presence of the DNA gyrase inhibitors nalidixic acid and novobiocin. Environmental factors such as growth temperature and atmospheric oxygen tension also affected the quantity of vapA mRNA. vapA transcript could not be detected in mutants which produced either low levels of full-length or truncated A protein or no detectable A protein.
The surface of a wide variety of bacteria is covered by a regular arranged two-dimensional protein assembly known as an S-layer (32) . S-layers have been the subject of numerous ultrastructural studies (6, 26) , and many of the S-layer subunit proteins have been isolated and characterized biochemically. In recent years, a number of structural genes coding for S-layer proteins have been cloned and sequenced (32) . However, while S-layer proteins are usually one of the predominant proteins produced by a bacterial cell, relatively little is known concerning the expression of S-layer protein genes. It is assumed, however, that this expression process must be efficient because approximately 5 x 105 S-layer protein monomers are needed to cover a bacterial cell, and for bacteria growing with a generation time of 20 min, this requires that S protein be produced at an average rate of approximately 400 molecules per s (32) .
One of the best-studied S-layers is the tetragonal paracrystalline array of the fish pathogen Aeromonas salmonicida (42) . This S-layer, which contributes to the ability of A. salmonicida to colonize and produce disease in fish, is composed of the 50,800-molecular-weight A protein whose gene, vapA, has been cloned and sequenced (9, 11) . In the earlier study, the vapA gene was expressed at a low level in Escherichia coli from an A. salmonicida insert containing vapA and only 62 bp of immediate upstream flanking sequence. This sequence contained a putative -10 region promoter sequence with a typical consensus hexamer TATAAT and a poorly conserved -35 region (nnGAnA) ending 18 nucleotides further upstream. These appropriately positioned nucleotides were predicted to comprise the vapA promoter, and poor expression in E. coli was predicted to be due to the absence of additional control sequences upstream of the -35 region (11) .
In the current study, we isolated additional upstream sequences flanking vapA and used primer extension to map its Corresponding author. predominant promoter in A. salmonicida. Here we report that in the natural host, the expression of vapA is directed by a promoter, P1, located over 180 nucleotides upstream of the structural gene and not by the previously predicted proximal promoter, P2. Furthermore, using Northern (RNA) analysis, we show that the mRNA transcribed from vapA is unit length, while S-layer-deficient strains and mutants produce undetectable levels of the transcript. Northern analysis was also used to examine vapA transcription through the growth curve, to determine the half-life of the transcript, to determine the effect of DNA gyrase inhibitors on vapA transcription, and to evaluate the effect of selected culture conditions on the production of vapA mRNA.
MATERIALS AND METHODS
Bacterial strains, vectors, and media. A. salmonicida strains from the culture collection of T. J. Trust are listed in Table 1. E. coli strains used were DHSc for recombinant plasmids (24) and JM109 for M13 recombinants (49) . Typical strains of A.
salmonicida were grown aerobically in L broth or L agar (11) , while growth of atypical strains was on medium supplemented by blood. On occasions, the pH of the growth media was adjusted by titration with HCI or NaOH, and CaCl2 or MgCl2 (1 to 30 mM) in the presence and absence of ethylene glycol-bis-(,B-aminoethyl ether)-N-N-N'-N'-tetraacetic acid (EGTA; 5 and 10 mM; Sigma Chemical Co., St. Louis, Mo.) or FeCl3 (0.01 to 1.00 mM) in the presence and absence of 2,2'-dipyridyl (0.01 and 0.10 mM; Sigma) was added. When an anaerobic atmosphere was required, a BBL GasPak was used in a BBL GasPak jar (BBL Microbiology Systems, Cockeysville, Md.). Wild-type A. salmonicida strains were grown at 20°C, while A-layer-deficient A450-3 and A450-CEG6 were grown at 20 or 30°C. E. coli strains carrying plasmids were grown at 37°C with antibiotics. The antibiotics used included ampicillin (50 ,ug/ml), kanamycin (50 pLg/ml), nalidixic acid (40) . Aeromonas chromosomal DNAs were prepared as described previously (10) . DNA digestion, ligation, and transformation were done as described by Sambrook et al. (40) .
Sequencing of A. salmonicida DNA. DNA sequencing was done both manually and automatically. For manual sequencing, both double-stranded plasmid DNA and single-stranded M13 DNA were used as templates. A Sequenase 2.0 kit (United States Biochemical Corp., Cleveland, Ohio) was used with universal primer and custom-made primers. For automated sequencing, template DNA was generated by polymerase chain reaction (PCR) amplification of chromosomal DNA, using synthesized primers as previously described (23 
RESULTS
Subcloning and sequencing of the flanking DNA 5' to vapA. The 5' end of the A. salmonicida A449 vapA gene together with a portion of the upstream flanking DNA was previously cloned in XlOg. Different regions in the XlOg insert were subcloned into the low-copy-number plasmid pLG338 (41) , yielding pRJ5 (9), and pUC18, yielding PRJ3 (Fig. 1) . The vapA gene in AlOg has an internal 816-bp deletion; however, the integrity of the sequence 5' to the deletion was confirmed when a series of Southern blot analyses of chromosomal and pRJ5 DNAs digested with various restriction enzymes and probed with oligonucleotide TJ-41 (vapA bp 123 to 139) showed that the two DNAs were identical (data not shown).
The insert DNA of pRJ5 was initially sequenced in M13 and pTZ18R subclones, using synthesized oligonucleotides as primers, while the insert in pRJ3 was sequenced directly (11) . Figure 2 shows that the insert in pRJ5 contained the 374 bp upstream of vapA as well as 324 bp of the vapA gene. The 374 bp of upstream DNA sequence contained several interesting features. At 44.5%, the G+C content of the region is similar to the 48% of the vapA gene (11) but lower than the 55% ± 1.8% reported for the A. salmonicida genome (10 (Fig. 2) . This open reading frame spans the second and third hairpin sequences. At -225 to -245, there is a AA-GGCGA--T---TCA-AGA sequence which shows 67% conservation with the consensus cyclic AMP (cAMP)-cAMP receptor protein (CRP) binding site (14) . A presumptive Shine-Dalgarno ribosomal binding site (AGGA) at -11 to -8 is optimally positioned relative to vapA. At -27 of the 5' untranslated region, there is also the characteristic -10 region promoter sequence with a typical consensus hexamer TATAAT and a possible -35 box (CGGATA) ending 18 nucleotides further upstream (Fig. 2 , promoter P2) which was predicted to function as the vapA promoter in our previous study (11) .
Conservation of the promoter-containing region. examined in six A-layer-producing A. salmonicida strains representing isolates from diverse species of fish, diverse geographical regions, and diseases with different pathogenesis. PCR analysis of DNA from the three typical strains (A400, A450, and A491) and the three atypical strains (A400, A460, and A480) with primers RAA2 and TJ-41 (-438 to -462 and 123 to 139 relative to vapA) revealed an identical restriction pattern for all strains when their PCR products were digested by TaqI (Fig. 3) . The DNA sequences of the PCR products generated from strains A185, A400, and A450 were also determined by automated sequencing between BamHI and TJ-41 ( Fig. 1 and 2) , and all were shown to be identical to that of A449. to A,0( = 0.25 and the relative quantity of vapA transcript was determined, the highest quantity of vapA mRNA was observed in cells grown at 15°C (Fig. 7) . Cells Effects of other environmental factors on vapA transcription. Selected other growth conditions, including growth atmosphere, growth pH (pH 6 to pH 9), and Fe3+ and Ca2+ depletion, were tested for their effects on vapA transcription. No statistically significant changes were observed in the amount of vapA transcript as a result of changes in growth pH, from Fe3+, Ca2+ or Mg2+ addition, or from Fe3+ and Ca2+ depletion. However, when log-phase cells (A600 = 0.3) were incubated anaerobically for 4 h, a 39% reduction was seen in the quantity of vapA transcript compared with that of control cultures not exposed to anaerobiosis.
Effects of nalidixic acid and novobiocin on vapA transcription. The effects of the DNA gyrase inhibitors nalidixic acid and novobiocin on vapA transcription were also examined by Northern analysis. In the case of nalidixic acid, while 0.313 pLg/ml had no effect on the quantity of vapA transcript, 0.625 pg/ml reduced vapA mRNA to 50% of that of cells grown in the absence of the DNA gyrase inhibitor. Similarly, while novobiocin at 10 jg/ml appeared not to affect vapA transcription, 20 ,ug/ml reduced vapA transcript production by 50%. Growth of A. salmonicida was not detectably inhibited by the concentrations of nalidixic acid and novobiocin used. 
DISCUSSION
This study has identified the promoter used by A. salmonicida for S-protein synthesis during growth in vitro. This PI promoter is the first A. salmonicida promoter to be characterized, and it appears to be a"'0 dependent, having a characteristic -35 consensus sequence, a related -10O motif, and a 17-bp spacer between the two RNA polymerase binding sites (38) . The located at -3 relative to the transcriptional start site determined in this study, rather than at the typical -12 spacing (25) , and would appear not to be functional under the growth conditions tested. Several other S-layer systems have multiple promoters; in these cases, however, primer extension experiments have shown that these promoters are active during growth in vitro. For example, three transcriptional start sites have been shown in front of the structural genes for the S-layers of Bacillus brevis 47, the P2 and P3 promoters being most active (1) , while the Lactobacillus brevis S-layer protein gene possesses two promoters which appear to be equally active during exponential growth phase (45) .
In keeping with other S-layer subunit proteins (18, 29, 43, 45) , the vapA transcript expressed from the P1 promoter was found to be monocistronic. Indeed, only the Bacillus S-layers have been shown to be polycistronic (1) . However, these organisms produce a double-layered array. Each layer contains a different S-protein species, termed the outer and middle wall proteins, and the Bacillus owp and mwp genes are in tandem and are transcribed by the single cell wall protein (cwp) mRNA. The monocistronic character of S-protein gene transcription resembles that of another supramolecular assembled surface protein, the flagella filament. Even in the case of an organism such as Campylobacter sp. which produces a complex flagella filament encoded by tandem fiaA and flaB genes, both genes are transcribed separately (30) . Unlike the fia transcripts, however, the monocistronic vapA transcript contains a relatively long untranslated leader. Indeed, the presence of a long mRNA leader appears to be a characteristic of certain S-layer subunit protein mRNAs. For example, the constitutive P2 promoter of the B. brevis 47 cwp operon provides for a 247-bp transcriptional leader, and 111-to 130-bp transcriptional leaders have been reported for other S-layer genes (16, 45) . Long mRNA leaders are also seen in attenuated operons such as the amino acid biosynthetic operons (29) . In these operons, peptides of 14 to 30 residues are encoded from the mRNA leader. These short peptides appear to function in the positioning of ribosomes and are short lived. Interestingly, the 181-bp leader in the vapA transcript also contains a coding region for a possible 29- Structural predictions suggest that the 181-bp leader segment of the vapA transcript will contain two stem-loop structures with AGs of -9.6 and -15.2 kcal, respectively. Stemloop structures in the 5' RNA can function as attenuators as is the case in the amino acid biosynthetic operons and can increase the stability of transcripts as is the case in the ompA transcript of E. coli (7, 15) . In this regard, the A. salmonicida vapA transcript can be considered to exhibit pronounced stability, with a half-life of 22 min in cells growing at 15°C. Indeed, since the average half-life typically found for most prokaryotic mRNAs is approximately 3 min (34, 39) (23, 27) , and in keeping with some form of transcriptional regulation, wc were unable to detect vapA transcript in either of these organisms.
The divalent cations that we tested did not appear to affect vapA transcription. Again, this contrasts to the situation in B. brevis, in which transcription from the P2 promoter was inhibited by magnesium and calcium ions (2) . However, vapA transcription did appear to be affected by DNA supercoiling, since subinhibitory concentrations of the DNA gyrase inhibitors novobiocin and nalidixic acid, which reduce the amount of DNA supercoiling, inhibited vapA transcription. Because these inhibitors may have pleiotropic effects (36) , these results need to be viewed with caution; however, the expression of a number of virulence genes in Salmonella typhimurium, Shigella flexneri, and Vibrio cholerae has also been shown to be affected by gyrase inhibitors (13, 19, 36) . Indeed, in the case of S. typhinmurilum, the genes involved are required for invasion (19) , and in this regard it should be noted that the S-layer of A. salmonicida facilitates invasion of macrophages and other cell typcs (20, 21) .
